The resonant Auger electron spectra obtained after photoexcitation below the C and N 1s ionization thresholds in the pyrimidine molecule have been measured at several photon energies. The results show the relevance of the localization of the inner hole and of the matching between the symmetries of the intermediate and final states in the decay spectra via participator transitions. The comparison with the Auger electron spectra suggests some assignment for the two-hole-oneparticle states reached via spectator transitions. The analysis of the participator decay is supported by state-of-the art density functional theory calculations.
I. INTRODUCTION
Spectroscopic techniques, such as photoelectron (PES and XPS), Auger electron (AE), and near edge x ray absorption fine structure (NEXAFS) spectroscopies, provide detailed information on the electronic structure of atoms and molecules. Among them resonant Auger electron (RAE) spectroscopy involves the measurement of the electrons emitted in the decay of an intermediate core-excited state to singly ionized final states with one-hole (1h) or two-holeone-particle (2h1p) configurations. The latter is essentially an Auger decay with the excited electron, called "spectator" electron, which does not take part in the decay process, but passively occupies a higher lying orbital with a weak coupling and a screening effect to a doubly charged ionic core. On the contrary, in the "participator" decay, where 1h singly charged ion states are formed, the excited electron is actively involved in the transition. A valuable advantage of RAE over conventional photoelectron spectroscopy is that it allows the population of cationic states normally not accessible by direct electronic transitions from the ground state, due to small cross sections or dipole selection rules. The advent of tunable photon sources has opened up the possibility to perform resonant photoionization experiments and RAE spectroscopy has found a wide range of applications in atoms and small molecules, which span from sub-natural lifetime studies to the investigation of interference phenomena. 1, 2 For polyatomic molecules with several chemically non-equivalent atoms of the same species, RAE spectroscopy is a powerful tool for the study of site-selected processes. Indeed its first step consists of the selective excitation of a core electron from a specific atomic site. The subsequent non-radiative decay presents features, which depend on both the intermediate and final states, and therefore allow the disentanglement of the electron emission spectra from core holes of different atoms of the same a) Present address: Institut für Optik und Atomare Physik, Technische Universität Berlin, Berlin, Germany.
kind and to address questions on site-and state-selectivity in inner-shell excitation and decay. This high selectivity overcomes one of the major limitations in the interpretation, for example, of the KVV Auger spectra, which result from the unresolved superposition of decays of the same atomic species located in different molecular sites. In this way, RAE spectra interpreted with the support of suitable calculations, done, for example, with the method introduced by Carravetta et al., 3 link NEXAFS, Auger, and PES spectra, which define the properties of the neutral intermediate and doubly or singly charged final states, respectively. As it will be shown in this work, RAE spectroscopy also provides a feedback for these complementary studies, which will benefit from the new information provided to sort out ambiguous assignments. RAE measurements with site-selectivity were performed in a series of condensed phase azabenzenes 4 and gas phase butadiene, 5 furan, 6 formic acid, acetaldehyde, acetic acid, methyl formate, 7 methyl oxirane, 8 and nitrous oxide, 9 at the C, N, and O K-edges depending on the molecule. All of these studies have shown the importance of the localization of the core excitation in the evolution of the system. This manifests itself in the selective resonant enhancement of the final ionic state reached by resonant Auger decay as well as in the selective molecular bond breaking. 10 This topic is quite relevant for the understanding of the radiation damage in organic molecules of biological interest. Here, we present an investigation of the RAE spectra of pyrimidine. Among organic polyatomic molecules, pyrimidine ( Figure 1 ) is of particular relevance because its six member ring structure, made up of two N and four C atoms, is the base structure for three nucleic acids: uracil, cytosine, and thymine. Thus on the one hand pyrimidine represents an ideal case to study site-and state-selective electron decay because (i) it has three non-equivalent carbon sites, which produce features well separated in energy both in the NEXAFS 11, 12 and XPS C(1s) 13 spectra; (ii) the interpretation of the present results can benefit from a comprehensive spectroscopic characterisation provided by the combined experimental and theoretical studies of the valence shell ionization, [14] [15] [16] [17] [18] inner-shell excitation, 11, 12 and ionization 13 and Auger decay 19 ; (iii) a few "similar" aromatic molecules, such as benzene, furan, and pyridine can be used for comparative studies. On the other hand, the RAE spectroscopy provides a test of consistency of the assignments made in the previously mentioned works and allows the experimental confirmation of some theoretical predictions.
The paper is organised as follows: the experimental details and procedures are presented in Sec. II, while the computational details are reported in Sec. III. In Sec. IV the experimental results are analysed and discussed and, finally, the conclusions are collected in Sec. V.
II. EXPERIMENTAL DETAILS AND PROCEDURES
The C and N resonant Auger and off-resonance photoelectron spectra of pyrimidine have been measured at the gas phase photoemission beamline of the Elettra synchrotron radiation source, Trieste. 20, 21 The light source is an undulator of period 12.5 cm, 4.5 m long. The 100% linearly polarised radiation from the undulator is deflected to the variableangle-spherical grating monochromator 21 by a prefocusing mirror. The monochromator consists of entrance/exit slits and two optical elements: a plane mirror and a spherical grating. Five interchangeable gratings cover the energy region 13-1000 eV, with a typical resolving power of 10 000. Two refocusing mirrors after the exit slit provide a circular focus (radius about 300 μm) at the interaction region in the experimental chamber.
The selected resonant photon energies were set by measuring the NEXAFS spectra using a channeltron multiplier close to the interaction region to detect the total ion yield produced by the decay of the excited molecular electronic states. Comparison of the measured spectra to those in the literature 12 provides photon energy calibration and assignment of the resonant states (Table I ). The photoelectron spectra were measured using a commercial six-channel, 150 mm hemispherical electron energy VG analyzer 22 placed at the pseudo-magic angle in the plane containing the polarisation axis and the direction of propagation of the light. The energy resolution was about 200 meV. The kinetic energy regions ∼240-295 eV and ∼350-405 eV for the C and N resonant Auger electron spectra, respectively, were scanned with a 50 meV step size. The spectra were then normalised to the photon beam intensity recorded simultaneously. The average acquisition time needed to reach the present level of accuracy varied from few seconds to 50 seconds/point, depending on the intermediate state. Each of the two sets of data, made 12 of the features in the C and N absorption spectra of pyrimidine involved in the present study. up of seven electron spectra measured around the C K-edge and three electron spectra measured around the N K-edge, is reported on a common scale of counts (apart from an offset for a better view of the spectra) in Figures 2 and 3 , respectively. This implies that a scale of the relative intensity among the seven carbon RAE spectra as well as among the three nitrogen RAE spectra can be established. photon energy (eV) E 7 =402.7 eV
The N RAE spectra of pyrimidine, reported on the binding energy scale, have been measured at few selected photon energies labelled E i (i = 6, 7) of the N absorption spectrum, (b). A part for a constant offset for better display, the electron spectra are internormalised to a common scale of yields. The off-resonance photoelectron spectrum measured at 397 eV is reported for comparison at the bottom of the figure.
The pyrimidine sample was purchased from SigmaAldrich, with purity higher than 95% and used without further purification. At room temperature, pyrimidine is liquid. The compound was kept in a glass vial outside the vacuum chamber and introduced into the interaction region via a leak valve and an effusive gas line ending with a 0.8 mm needle positioned at about 0.5 mm from the photon beam. At room temperature the vapour pressure of the sample was sufficient to produce a residual gas pressure in the experimental chamber of about 4 × 10 −6 mbar, enough to allow the ion and electron spectra to be recorded without heating the sample. This procedure has the advantage of reducing contamination of the experimental apparatus as well as avoiding possible thermal decomposition of the organic molecules. The purity of the samples was checked via a mass spectrometer and by measuring and comparing the valence shell photoelectron spectrum to those reported in the literature.
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III. COMPUTATIONAL DETAILS
The ab initio simulation of the resonant Auger spectra of a molecule as complex as pyrimidine is a difficult task because the number of final states reached in the decay process is very high and for each one of them both the energy and intensity of the transition (Auger rate) have to be computed. The intensity calculation, even within the frame of the Wentzel ansatz, i.e., in the two-step approximation, requires the computation of unusual two-electron integrals involving an orbital in the electronic continuum that represents the high energy secondary electron emitted in the process of non-radiative decay. One method proposed a few years ago 3, 23 is based on the projection of this orbital on an extended even-tempered basis set of Gaussian functions and its optimization in the static-exchange (STEX) field of the specific final ionic state. As briefly mentioned in the introduction, the type of resonant Auger decay can, in principle, be distinguished under the notation "participator" or "spectator" transitions depending on whether the excited electron does or does not take part in the decay of the core-excited state, respectively. In the former case, the final state features a single hole in the valence shell, while in the latter case the final state has two holes in the valence shell and an electron in the excited orbital, in fact, as a spectator. As far as the valence holes are concerned, the "spectator" final states are equivalent to those achieved in the Auger decay from the core-ionized state, except for the presence of an extra electron in the excited orbital. The latter produces an energy shift of each "spectator" level, in comparison to the equivalent one in the normal Auger spectrum. To a first approximation, the shift can amount to several eV and is independent of the state, while, in the frozen orbital approximation, the intensity is the same in both the resonant and not resonant processes. The "participator" transitions, which result in rather specific features in the resonant spectrum, can be correlated to those found in the photoemission spectrum. In this case the peak position is not significantly affected, apart from a different Franck-Condon overlap between intermediate and final states, while the intensity is largely enhanced in the resonant process. In the present case of the resonant Auger spectrum of pyrimidine, theoretical calculations of the intensity have been limited to the region of "participator" peaks corresponding to valence-hole states with ionization energies below 15 eV. Above this energy the ab initio simulation of the spectrum is complicated by the overlap of "participator" and "spectator" states that, besides, cannot be experimentally resolved, and the presently adopted independent particle approximation is more questionable due to the breakdown of the orbital picture.
The geometry of pyrimidine was optimized by selfconsistent field (SCF) calculations with the triple zeta valence basis set, using the General Atomic and Molecular Electronic Structure System (GAMESS) program. 24 The energies of the ground and valence-ionized states were obtained at the multi configurational self-consistent field (MCSCF) level by complete active space (CAS) calculations with 18 (17 in the case of the ion) electrons of the outer valence shell in an active space of 18 orbitals. For the ionized states the valence-hole orbital is relaxed with a previous SCF calculation and then kept fixed in the subsequent MCSCF optimization. The calculations were performed with the DAL-TON program 25 and a Gaussian basis set (Ahlrichs-VTZ 26 ) of triple zeta quality.
In calculating the resonant Auger rate, according to the Wentzel ansatz, the bound orbitals that have holes in the final states are taken from the "frozen" ground state set while those describing the initial core-excited state are relaxed by an SCF calculation. The continuum orbital for the Auger electron is obtained in the STEX approximation by adding to the triple zeta basis set a large multi-center (10s, 10p, 10d, 10f, 10g functions on each heavy atom) basis set of Gaussian functions, using a locally modified version of the DALTON program. It should be noted that the frozen orbital approximation for the core-excited state, i.e., the description of the core → LUMO excitation by the ground state orbital set, leads to intensity distributions for different photon energies in large disagreement with the experiment. This can be mainly ascribed to an unsatisfactory description of the excited orbital that, in the case of frozen orbital approximation, is the same for different photon energies or, in other words, for different core excitation sites. We find, instead, that a site-specific optimization of the LUMO is necessary for an accurate simulation of the resonant Auger spectrum, as already demonstrated for the absorption spectrum.
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IV. RESULTS AND DISCUSSION
The RAE spectra of pyrimidine measured at several photon energies in the region of the C and N K-edges are reported in Figures 2(a) and 3(a) together with the off-resonance photoelectron spectra measured at 275 and 397 eV, for C and N, respectively. The photon energies E i (i = 0 to 5 for C and i = 6, 7 for N, see Table I ) where the RAE spectra were measured are shown in the absorption spectra reported in Figures  2(b) and 3(b) . For the C case the off-resonance spectrum has been measured 10 eV below the π * transition in order to avoid the region around 280 eV, where the beamline optics have a poor transmission efficiency due to carbon contamination. The binding energy scale of the RAE spectra has been obtained subtracting the electron kinetic energy from the incident photon energy. For the purpose of the present discussion, the binding energy scale representation has the advantage of allowing a direct comparison of the final state population depending on the intermediate state, so that the contribution of the resonant decay can be identified more clearly. Note that the two off-resonance PES and the E 0 resonant spectra have been multiplied by scaling factors. At first glance, a common characteristic of the C and N spectra is that the largest effects are observed at the photon energies of the C/N 1s → π * excitations (E 0 , E 1 , E 2 , and E 6 ), and involve the entire measured binding energy region. At excitation energies above the 1s → π * transitions (E 3-5 and E 7 ), the mixed contributions from π , σ and Rydberg configurations of the intermediate state produce a more significant enhancement of the electron decay spectra in the binding energy region above 20 eV. In contrast to the C case, the N spectra seem to be more structured, with a distinct broad feature centred at about 45 eV binding energy.
In the discussion and interpretation of the results, the spectra will be arbitrarily divided into three regions according to their final state binding energies. The low energy region, that will be called region-1 and extends from the IP threshold up to a binding energy of 13 eV, contains clearly identifiable 1h states. This region is dominated by the participator decay. The high energy, inner valence, region called region-3 covers the part of the spectrum of binding energies larger than 20 eV. In this energy region the complete breakdown of the single orbital picture occurs so the one-electron assignment of the features is not reliable anymore. This region is dominated by the spectator decay to 2h1p final states. Based on these grounds, this region will be discussed referring to the 2h final states of the normal KVV Auger electron spectra that, apart for the screening effect of the spectator electron on the two core holes, should have similar final states. From this point of view the theoretical assignment of the C/N Auger electron spectra of Ref. 19 will be used as a guideline for the interpretation of the final states of the spectator RAE spectra. The socalled region-2 extending between 13 and 20 eV, is populated by an increasing number of mostly unresolved states, consisting of a mixture of 1h and eventually 2h1p configurations. While a detailed assignment would require too demanding ab initio calculations of the intensity, a more "qualitative" argument based on the results of PES spectra provides a reasonable interpretation of the RAE spectra. The following discussion will benefit from the spectroscopic characterisation of the intermediate NEXAFS 12 and the final valence shell [14] [15] [16] [17] states reported in Tables I and II, respectively. In region-1 each C/N set of data can be compared to the spectra of the four lowest lying valence states measured at nearby, non-resonant, photon energies (bottom spectra in Figures 2(a) and 3(a) ) and predicted by Hartree-Fock (HF), B3LYP, OVGF, and ADC(3) methods, [15] [16] [17] as well as by present MCSCF calculations (Table II) . The six C RAE spectra and the off-resonance photoionization spectrum have been fitted simultaneously with a "global fitting procedure", where four Gaussian functions of equal widths are constrained to the same energy position (x i , i = 1 to 4), leaving the intensities as free parameters. A similar procedure has been applied to the N case. The results of these fittings for the C/N cases are reported in Figures 4(a) and 5(a) where the a 2 and b 1 symmetries characterise the out-of-plane, π -type orbitals while the a 1 and b 2 symmetries characterise the in-plane, σ -type orbitals. In region-1, among the four lowest molecular orbitals, the 5b 2 and 7a 1 σ -type orbitals are assigned as n N-and n N+ , respectively, mostly localized as the nitrogen lone pairs, while the 2b 1 and 1a 2 ones are assigned as π 3 and π 2 , localised above and below the pyrimidine ring. 15 The ordering of these orbitals is discussed in terms of both PES experimental 14, 16 data and theoretical results. [14] [15] [16] [17] [18] An inversion between ionic states 2 B 2 and 2 B 1 corresponding to a hole either in HOMO-1 (5b 2 ) or in HOMO (2b 1 ) with respect to the HF prediction is confirmed by all higher level theories and previous PES experimental results, as well as by the present MCSCF results (see later in the text). More controversial is the inversion of the ionic states with a hole either in the 7a 1 (n N+ ) or in the 1a 2 (π 2 ) orbital, predicted by only some of the theories 15 (see Table II ). Experimentally, the first two peaks have an energy spacing of about 1 eV and their reversed ordering has been confirmed by β-parameter measurements, 14, 16 which associate the outermost band (with a measured β = 0.61 at 45 eV photon energy) to a hole in the σ -type orbital, n N , and the second one (with a measured β = 1.42 at the same photon energy) to a hole in the π -type orbital, π 3 . The third and fourth states, n N+ and π 2 lie close in energy and remain unresolved in PES measurements, so that a similar procedure could not be directly applied. However, according to Holland et al. 16 the "apparent" shift from 11.52 to 11.29 eV in the observed peak maximum of the third band at 0 • and 90
• , respectively, supports the theoretical predictions that a π -type orbital has the higher binding energy. As mentioned above, we performed a global fit of the off-resonance photoionization spectrum and the six C RAE spectra in the region of the four lowest electronic states, constrained to the same energy positions and width. This procedure for the data analysis has the advantage of improving the statistics of the fit, even though there are no strict physical reasons to justify these constraints. components may in principle be populated, resulting in an "apparent" energy shift and/or different shapes and widths of the bands, as, for example, observed in the N 2 O case. 10 However in the present case, within the quoted uncertainty of ±200 meV on the absolute energy scale, the overall fit with the mentioned constrains resulted to be of a good quality for all spectra (see Figures 4(a) and 5(a) ). This is consistent with the findings of Potts et al.
14 who obtained a good representation of their PES experimental data by convoluting the ADC(3) theoretical predictions with Gaussian functions of 0.4 eV FWHM. The energy width of the four peaks as optimized from the fitting are (0.47 ± 0.03) eV and (0.67 ± 0.15) eV for the C and N cases, respectively, and their energy positions are reported in Table II , were they are also compared to previous experimental and theoretical results. The areas of the RAE peaks, obtained after the subtraction of the direct contribution in order to highlight the amount of resonant contribution, are reported in Figures 4(b) and 5(b) .
All of the four peaks display an enhancement at the energy of the C 4,6 (E 1 ), C 2 (E 2 ) and N (E 6 ) 1s → π * transitions due to the increase of the absorption cross section. The largest enhancement is observed in the case of the 2 B 1 state at E 2 . In the analysis of the C NEXAFS spectrum 12 by Density Functional Theory calculations it has been established that the C 2V symmetry of the molecule is maintained in the core excitation of the C 2 and C 5 atoms and that the lowest unoccupied molecular orbital, LUMO, is of b 1 symmetry with a clear localization, as shown by present calculations, on C 2 , C 5 , and N. The large Mulliken population (Table II) resonances. A noticeable enhancement of the third peak is observed at the energy of the N π * resonance, E 6 that involves a LUMO with a large component on the excited N site. In the recent PES spectra 14, 16 the third peak in the valence region has been assigned to the 7a 1 state, which is of σ symmetry and has a large Mulliken population on the N atom. However Dudde et al. 4 observed that π features, due to their dynamic charge transfer within the orbital, very effectively screen a core hole anywhere in the ring. As a consequence, they are generally more strongly involved in the decay spectra than the σ orbitals. In particular these authors observed as the lone pair of the azabenzenes, being of σ nature is only weakly involved in the participator decay. Therefore, on the basis of our present calculations, see Table II , and considering that the 1a 2 (π ) orbital has a Mulliken population on the N atoms as large as that of the 7a 1 orbital, we propose to assign the third peak in the spectrum to the 2 A 2 state and the fourth one to the 2 A 1 state. Thus in the pyrimidine molecule the difference in intensity between the two peaks can be explained by the matching π /π symmetry between intermediate/final states, contrary to the π /σ symmetry. This, however, is not a general rule as shown, for example, by the BF 3 case 27-29 where the nuclear motion induces symmetry breaking and affects the subsequent electronic decay and ionic fragmentation processes.
Further support for the assignment of the third peak to the 2 A 2 state comes from the following observation. The first, second, and fourth bands display similar behaviour versus photon energy, even though with different relative intensities, peaking at photon energy E 2 and then flattening out in the Rydberg region. The third band shows a different behaviour with an appreciable intensity already at E 1 . This photon energy corresponds to the C 4,6 1s → π * excitation to a LUMO mostly localised on C 4, 6 and, as can be seen in Table II , the 2 A 2 ionic state is the one with the largest Mulliken population on C 4, 6 . Thus the qualitative behaviour of the relative intensities of the peaks in the participator spectrum can be explained, considering that the intensity of the electron decay is mainly governed by the localization of the LUMO and valence orbitals around the core hole, by their Mulliken populations at the excitation site.
At hv = 287.22 eV (E 3 ), i.e., at energy where the effect of the resonant excitation is expected to be less relevant, the relative intensity of the different peaks resembles the PES spectrum at 275 eV, while in the Rydberg region at 288.5 (E 4 ) and 289.30 eV (E 5 ) a resonant effect is observed for the 1a 2 orbital with a large Mulliken population on the C 4,6 sites and a minor effect on both the 5b 2 and 2b 1 orbitals. In the case of the Rydberg region in the N spectrum a relative enhancement is observed for the peak assigned to the 7a 1 orbital, which has a large Mulliken population on the N atoms. In contrast the peak associated with the 5b 2 orbital, which has also a large Mulliken component on the N atom does not display any significant enhancement. Thus it appears that in the Rydberg region the coupling of the symmetry of the intermediate/final states is less relevant, because the 1a 2 orbital resonates at both the Rydberg resonances which have different symmetry as for the excitation of the C 4,6 sites is concerned (see Table I ). The same occurs also for the 7a 1 orbital, which has a σ character, but resonates at the N Rydberg resonance at E 7 , which has a π character.
As far as the theory is concerned, the binding energies obtained by the present CAS calculations are in very good agreement with the ADC(3) Green's function calculations (see Table II ) and confirm the order of ionic states. In Figures 4(b) and 5(b) the calculated relative intensity of the four states are shown as vertical bars and compared to the experimental results, using a common scaling factor to rescale experiment to theory for all of the states. In the case of the 2 B 1 state a fair agreement between experimental and calculated intensities across the E 0 , E 1 , and E 2 resonances is observed, while in the other cases the theory appears to overestimate the experimental results, especially at E 0 and E 1 . In our previous experimental and theoretical NEXAFS investigation of pyrimidine a discrepancy between the predicted intensity ratios (1:2:1) for the C 5 , C 4, 6 , and C 2 1s → π * excitation and the experimental ones, where the intensity of the C 5 transition appeared to be strongly depleted, was observed. 12 The analysis of the LUMO in core excitation at the C 5 and C 2 sites showed an unusually strong delocalisation of the π * orbital with practically equal density around C 5 and C 2 . This suggested that the C 5 and C 2 1s → π * excitations may strongly interact with each other altering the intensities predicted by calculations in the independent channel approximation. A similar problem may occur in the present calculations of the Auger intensity performed in the same basic approximation.
In the region of binding energies between 13 and 20 eV, region-2, previous experimental works [14] [15] [16] identify in the PES spectrum a band at about 14.4 eV, with the mixed π and σ contributions of the 1b 1 
In terms of participator states these features can be associated to the 5a 1 , 3b 2 , and 4a 1 orbitals. A detailed assignment is complicated by the many-electron character of these states as shown, for example, by the distribution and relative intensities of the poles in the ADC(3) calculations reported in Figure 3 of Potts et al. 14 The β-parameter measurements from the same authors suggest that the bands at about 16 eV should be associated with σ orbitals, while the ones at 17-18 eV could be assigned to the C−H bonding orbital. In the high energy part of this region, spectator states can also contribute to the spectrum. In the experimental spectra, the band at about 14 eV is clearly enhanced at all the measured energies. This is likely to be due to its mixed π , σ nature, which couples well to all intermediate states. The bands at 16-17 eV do not appear to be populated with the same intensity in both the C and N Rydberg regions. At photon energies in the range of the C and N 1s → π * excitations, the band centred at about 15.6 eV dominates at E 0 and E 2 while the band at about 16.5 eV dominates at E 1 and E 6 . Another band then appears at 18.2 eV in the spectrum at E 2 . Whether these are the same bands of the PES spectrum, shifted due to a different overlap between the inner-shell excited and final ion states, or correspond to different bands not directly accessed by direct excitation cannot be established without proper calculations.
At the increasing binding energies approaching region-3, the breakdown of the single orbital picture of ionization further increases the complexity of the photoelectron spectrum, making the interpretation more approximate. Above 20 eV the off-resonance spectra at 275 and 397 eV display four clear features consistent with those observed in the PES spectra. 14 According to Holland et al. 16 the breakdown of the molecular orbital model becomes more severe from the 4a 1 inner valence orbital, at about 24.4 eV, where less than 50% of the total intensity is predicted to appear at the main-line position and the satellites span a region of few eV. The ionization of the innermost 1b 2 and 1a 1 orbitals, at about 26.4 and 29.5 eV, no longer lead to distinguishable main-lines. The relative contribution of this region to the overall RAE spectra grows in the Rydberg region of both N and C. In the C case only the first feature at about 21 eV keeps its identity, while the rest of the spectrum appears to be unstructured. This feature was observed, but unassigned in the PES spectrum, although the value of the asymmetry parameter larger than one suggested that the molecular orbitals contributing to the band should have a large 2s character. The same feature is broadened and accompanied by another peak at about 26 eV at the C 2 and N 1s → π * excitation energies, E 2 and E 6 , respectively.
This region is expected to be dominated by spectator states, i.e., 2h1p final states with 2h configurations similar to those of the doubly charged states, but with the spectator electron screening the double hole. Therefore, the spectator RAE spectrum is expected to bear a close resemblance to the KVV Auger spectrum 19 shifted in energy by the screening effect of the spectator electron. The empirical procedure to use a shifted KVV Auger spectrum to interpret the RAE spectra J. Chem. Phys. 136, 154308 (2012)   FIG. 6 . The N (a) and C (b) RAE spectra measured at E 7 and E 2 , respectively, are compared to the corresponding N and C Auger electron spectra shifted by 11 eV. The bars correspond to the main dication states reported in Table I of Ref. 19. has been proposed and applied successfully for several polyatomic molecules. 5, 7, 9 In the present case, the comparison has been guided by recent combined experimental and theoretical studies of the valence shell electronic structure by photoabsorption spectroscopy 30 and of the Auger spectrum of pyrimidine and halopyrimidines by electron impact. 19 The comparison between the N/C (1s) → π * RAE spectra and the corresponding N/C (1s) Auger electron spectra is reported in Figures 6(a) and 6(b) , respectively. The Auger electron spectra are reported on their own double ionization (DIP) energy scale (top axis) obtained by subtraction of the electron kinetic energy from the binding energy of the inner-shell vacancy. For the C KVV spectrum, the average value among the C 2 , C 4, 6 , and C 5 binding energies has been taken. 13 In terms of the independent particle model the difference in energy between the normal and resonant Auger spectra is given by the ionization energy of the spectator electron in the 2h1p final state. We have performed calculations of the binding energies for some valence double-hole final states deriving from core ionization and the corresponding spectator final states deriving from core excitation. The calculations have been done in the single configuration approximation, neglecting electron correlation, but including electron relaxation for the final states. In the case of 5b 2 −2 /5b 2 −2 3b 1 1 and 5b 2 −1 2b 1 −1 /5b 2 −1 2b 1 −1 3b 1 1 states the predicted shift is about 11 eV. Accordingly the N Auger spectrum has been shifted by about 11 eV, showing a reasonable correspondence of some features in the two spectra. With such a shift it is clear that already in the region-2 the contribution of 2h1p states, populated by spectator transitions, is not negligible. Thus the theoretical assignment 19 of the N Auger electron spectrum can be used as a guideline for the interpretation of the final states in the RAE spectrum. The ADC(3) theoretical description of the N Auger electron spectrum of pyrimidine 19 assigns the first feature at 25.4 eV DIP to a 5b 2 −2 orbital, while a combination of the outermost four orbitals contribute to the second feature, at about 2.2 eV higher DIP. From Figure 6 (a) it is clear that these two features contribute to the resonantly enhanced band of singly ionized states at about 14.4 and 16.7 eV, respectively, in the RAE spectrum. Then two other features between 30 and 32 eV DIP, likely composed by several bands, are observed in the Auger spectrum. These features may contribute to the broad structure in the RAE spectrum between 20 and 25 eV. In the DIP region below 40 eV, the calculated bands are formed by dication states characterised by a hole in the 5b 2 orbital and the other in the innermost 1b 1 , 6a 1 , or 4b 2 orbitals. These bands match quite well the features centred at about 26 and 29 eV in the RAE spectrum. A band formed by states with a hole in the 7a 1 or 1a 2 orbitals and the other one in the 6a 1 or 4b 2 orbitals is located at higher DIP in the calculated Auger spectrum. Also in this case a correspondence can be found with the higher energy bands of the RAE spectrum in the region 35-39 eV. The Auger spectrum at higher DIPs displays a density of states too high to permit a meaningful orbital attribution and the same occurs for the RAE spectrum.
The C KVV Auger spectrum is more complicated than the N one, as it results from the unresolved superposition of the Auger spectra of the three non-equivalent C atoms. Because of the superposition of these three spectra and the resulting tripled density of states, the C Auger spectrum appears less structured than the N one. In Figure 6 (b) the C KVV Auger spectrum has been shifted by the same energy as the N one and is compared with the RAE spectrum measured at E 2 . In contrast to the N case, in Figure 6 (b) we see that the first distinct feature in the KVV Auger spectrum aligns with the RAE peak centred at about 18.3 eV. This can be explained by the fact that the first feature in the C Auger spectrum results from the superposition of two peaks corresponding to the decay of the C 5 and C 4 core vacancies to two different dication states, 19 neither of the two corresponding to the ground dication state with main configuration 5b 2 −2 . The decay of the C 4 hole populates mainly a state with configuration 2b 1 −1 1a 2 −1 , while the C 5 decays to a dication state with configuration 2b 1 −2 . Other correspondences between the C Auger and RAE spectra may be visually identified, however the broadness of the features in the Auger spectrum at higher DIPs hampers any further attempt of assignment.
The binding energy scale of the RAE spectra and the DIP scale of the AE spectra correspond to the energies of the singly and doubly charge ion states referred to the ground state of the neutral molecule. The shift between the AE and RAE spectra corresponds to the energy necessary to ionize the spectator electron in the two-hole-one-particle configuration. The value used in this work (11 eV) is consistent with those proposed in previous literature. Indeed shifts of 8.3 eV, 6 eV for the C case have been used for propylene oxide 8 and etilene, 5 respectively, and 16 eV in the case of B in BF 3 .
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V. CONCLUSIONS
The resonant Auger electron spectra of pyrimidine have been studied at several photon energies below the C and N Kedges. The main results of the present work, consistent with previous studies on similar systems, are that (i) the participator RAE spectra, having 1h final state configurations can be rationalised in terms of Mulliken population and charge distribution analysis of the valence molecular orbital and the matching of the intermediate/final state symmetry; (ii) the spectator RAE spectra, with 2h1p final states, can be qualitatively assigned by considering the normal Auger spectrum and taking into account the additional effect of the spectator electron, screening the double core hole.
The analysis of the participator resonant Auger electron spectra has allowed a clearer ordering of the lowest valence states of pyrimidine, whose controversial nature in the theoretical predictions could not be resolved by PES measurements. This work confirms the inversion in the ordering of the first two molecular orbitals from HF to higher level calculations, and supports the higher level calculations, which predict the n N (σ ) orbital at lower binding energy than the π 3 orbital. As for peaks 3 and 4, the present experimental observations and calculations support the assignment of peak 3 to a hole in the π 2 orbital and peak 4 to a hole in the n N+ orbital. Thus the proposed order of valence ionic states of pyrimidine is 2 B 2 (n N-, σ ), 2 B 1 (π 3 ), 2 A 2 (π 2 ), and 2 A 1 (n N+ ). Moreover the similarities between the RAE and Auger electron spectra, particularly marked in the N case, have been used to interpret the region of the spectator transitions and provided some indications on the electronic configurations of the higher lying bands of the photoelectron spectrum.
From the methodological point of view, the approach used in this work emphasises the complementarities of the RAE spectroscopy with several other techniques like NEX-AFS, PES, and Auger electron spectroscopy. While, on the one hand, NEXAFS, PES, and AE spectroscopies are essential for the interpretation of the electronic spectra, on the other hand, the RAE provides not only access to singly charged states forbidden in direct photoionization, but also tests of consistencies of the other results in terms of assignment and symmetry of the orbitals.
Pyrimidine is the prototype model of an important class of organic molecules of biological interest, such as the halogenated pyrimidines, for example, and the building block of thymine, cytosine, and uracil DNA/RNA bases. The present results provide information on the electron spectra produced by its resonant excitation as well as on the final singly charged states formed after site-selected excitation. The former information is useful to model the damage due to the electrons produced by photoabsorption in biosystems, while the latter is one of the key data to understand the molecular photoinduced fragmentation that can lead to irreparable damage in biomolecules.
